[1] Ten-year averages of energy transport rates near the neutral sheet showed that the enthalpy flux density or thermal energy term Q T = (5/2)PV was the largest, where P is the isotropic pressure and V is the bulk flow velocity. The ion heat flux, q i , was the next largest term. Sorting data using a magnetic flux transport parameter showed that q i could become dominant during periods of slow flow. Both q i and the ion bulk velocity V i were duskward on the dusk side of the neutral sheet. This relationship is characteristic of crosstail drift and a heat flux that can be attributed to the energy dependent gradient and curvature drifts. The q i and V i vectors often pointed in different directions on the dawn side. The x component of q i on the dawn side pointed tailward, suggesting entry through the magnetopause of a suprathermal ion component. On the dusk side the q ix plots that were sorted using a magnetic flux transport parameter showed evidence of plasma sheet reconnection. The long-term averaged x component of Q T pointed earthward almost everywhere in the neutral sheet, and was attributed to periods of very fast plasma flow. The cross-tail component of Q T was separated into two contributions. One part of Q Ty involved a common drift away from midnight during both earthward and tailward fast flows. This feature suggests that thermal energy and plasma flow from the outer plasma sheet toward the neutral sheet near midnight, and then toward the flanks. The other part of Q Ty involved a differential duskward drift during fast earthward flows and a dawnward drift during fast tailward flows. The incremental E fields that would produce such convection point tailward during the fastest earthward flows and earthward during the fastest tailward flows. The dependencies of V i , q i and Q T on the interplanetary magnetic field (IMF) clock angle also were studied. Both V i and Q T were reduced when the IMF was northward and the neutral sheet plasma became cold and dense. However, no dependence of q i on the IMF direction was seen. This shows that the generation of a cold dense plasma sheet does not substantially change the distribution of the suprathermal ions that are most important in the production of q i .
Introduction
[2] The heat flux q often has been neglected in studies of the plasma sheet because it is difficult to measure, fluctuates rapidly, and is not usually the dominant energy transport term. The derivations of commonly used parameters such as certain adiabatic invariants [Chew et al., 1956] and the development of most MHD simulations have assumed that q = 0. However, observations of unidirectional particle beams, plateaus, and other highly asymmetric features in velocity distribution functions f (v) imply that q is nonzero. Heinemann [1999] emphasized that heat fluxes can be important in spreading information throughout the inner magnetosphere. Parallel heat fluxes contribute to magnetosphereionosphere coupling. Perpendicular heat fluxes contribute to energy transport near the neutral sheet, or the locations where B x = 0. Scattering processes involving waves, fluctuations, and velocity space diffusion will modify an existing q. The possibility of examining some of these processes suggested that it may be worthwhile to evaluate the average distribution of q and to compare q with other energy transport terms.
Definitions
[3] The heat flux carried by species a will be defined as [Rossi and Olbert, 1970] 
where
is the plasma bulk flow speed or the velocity of the frame in which the total plasma momentum density is zero, m a and f a (v) are the mass and the velocity distribution function of particles of species a, and r is the total mass density. The heat flux carried by species a therefore is the flux density of the kinetic energy of that species as measured in a frame moving at V. Since the measured bulk velocity V has been subtracted from the measured particle velocity v, this heat flux does not involve energy transport that is directly dependent upon the plasma bulk motion. Asymmetries in the distribution function in a frame moving at V are required to generate a nonzero q a . A comparison of q a to other energy transport terms in Section 2 therefore provides a method to separate energy transport that is proportional to V from transport that depends only upon asymmetries as seen in a frame moving at V.
[4] Alternate definitions of the heat flux involving the kinetic energy of a single species as measured in its own frame or of the thermal energy density relative to V but measured in a laboratory frame are sometimes used. Knowledge of V a and the pressure tensor P a can be used to convert between different heat flux definitions. The data used here does not separate ion species, so the plasma is assumed to consist of only protons and electrons. The ion frame therefore is essentially the same as the plasma frame, and we assumed V = V i . Only the ion heat flux q i will be discussed in this paper, so some distinctions between the different definitions are unimportant.
Physical Sources of the Heat Flux
[5] Since long-term averaged heat fluxes have not previously been studied near the neutral sheet, several physical processes that could produce the observed q i will first be described. Some heat fluxes in collisionless plasmas can be attributed to processes that bear similarities to those that transport heat in solid objects. If a rod is heated at one end, the heat flux causes the other end to become warmer even though all molecules remain at fixed locations in the rod. Figure 1 shows one way in which a perpendicular heat flux could be created in a collisionless plasma in which particle guiding centers remain on fixed field lines (e.g., Figure 8 .1 of Ichimaru [1973] ). This sample plasma contains a uniform B field and a perpendicular temperature or density gradient.
[6] Figure 1b shows the orbits of several ions in a collisionless plasma with guiding centers located at x > 0. It can be seen that all such ions have v y > 0 as they strike a satellite located at the origin. A very simple model that illustrates the temperature, density, and pressure gradient sources of these heat fluxes was used when creating Figure 1a . It was assumed that the density and temperature of all ions with guiding centers at x > 0 were n 2 and T 2 while the density and temperature of all ions with guiding centers at x < 0 were n 1 and T 1 . Temperatures are in energy units throughout this paper. The ions with guiding centers at x < 0 all have v y < 0 when they strike the satellite. The sudden jump in n and T of a Maxwellian plasma results in the discontinuous anisotropic velocity distribution function f (v), in protons Á s 3 /km 6 , whose slice at v z = 0 is shown in Figure 1a .
[7] This simple model makes it easy to evaluate equations (1) and (2), giving V x = V z = 0 and
Figure 1. (a) A sample distribution function that supports a nonzero q even though each particle's guiding center remains on a fixed field line. The v z = 0 slice of the velocity distribution function that would be seen by a satellite located at x = 0 is shown. Maxwellian ions with guiding centers at x < 0 have a density n 1 = 1 cm À3 and a temperature T 1 = 1 keV, and ions with guiding centers at x > 0 have n 2 = 1 cm À3 , T 2 = 4 keV in this plasma. (b) Orbits of several ions with guiding centers at x > 0. These ions all have v y > 0 at the satellite location.
The specific case shown in Figure 1a used protons with n 1 = n 2 = 1 cm
À3
, T 1 = 1 keV, and T 2 = 4 keV giving V iy = 120 km/s. The corresponding heat flux has q x = q z = 0 and
[8] A satellite located at this extreme jump in ion temperature would see q iy = 160 mW/m 2 . An earthward temperature or density gradient therefore produces duskward V and q. Similarly, temperature or density gradients pointing toward midnight would produce V and q that point toward the Earth on the dusk side and away from the Earth on the dawn side. It may be noted that, unlike the solid rod example, the heat flux in this collisionless magnetized plasma is perpendicular to the temperature and pressure gradients. Magnetization currents exhibit this same relationship to the thermal gradients.
[9] The above investigation of the production of q i by rT i or rn i is not intended to suggest that these gradients are the dominant sources of heat fluxes in the plasma sheet. Any anisotropy that involves differences, as seen in a frame moving at V, between f i (v) along the positive and f i (v) along the negative directions of a specific axis is associated with an ion heat flux along this axis. Maxwellian distributions were used to generate Figure 1 only because this choice made the integrations easy. There are no heat fluxes in plasmas with any shaped f i (v) as long as f i (v) is symmetric along all velocity space axes passing through V. For example, a T || /T ? anisotropy does not imply the presence of a heat flux if f i (v) is merely stretched out equally relative to V in both directions along the axis parallel to B. There must be a difference between f i (v) relative to V parallel to B and f i (v) relative to V antiparallel to B to produce a parallel heat flux. An isotropic f i (v) with a superimposed ion beam going only one way along the field line would yield a nonzero parallel q i . The remnants of a beam that has stabilized to form a plateau, field-aligned outflows from reconnection regions through a background plasma, and effects of chaotic motion all can produce heat fluxes.
[10] Energy dependent perpendicular drifts such as gradient and curvature drifts provide an important source of heat fluxes. The higher energy or suprathermal ions drift rapidly while the lower energy or thermal ions drift slowly in the same direction, producing q i perpendicular to B and parallel to V. The bulk flow velocity is a first moment, so is dominated by the group of particles with the largest density. Since q is a third velocity moment (equation (1)), heat fluxes depend sensitively upon particles with energies well above the average thermal energy. Magnetic field line curvature drifts are particularly important at the neutral sheet, so q i in the same direction as V is to be expected.
[11] Earthward E Â B drift, either combined with the tailward stretching of the most energetic portion of f i (v) relative to this drift or combined with cross-tail gradient and curvature drifts, produces a heat flux with q i and V in different directions. In fact most plasmas in which V is attributed primarily to E Â B drift and an asymmetry is produced by some other process will carry a heat flux that is not aligned with V.
Data Processing and Limitations
[12] The present study is based on averages of all observations made during a ten year period by the magnetometer [Kokubun et al., 1994] and Comprehensive Plasma Instrumentation (CPI) [Frank et al., 1994] on the Geotail satellite. The values of V i and q i presented here are simple averages of all available data points measured when the satellite was near the neutral sheet. Distances between the satellite and the neutral sheet were calculated based on the assumption that b x , which is the ordinary plasma b parameter evaluated using B x 2 /2m 0 instead of B 2 /2m 0 as the magnetic pressure, monotonically decreases as the satellite moves away from the neutral sheet. Data in each (x, y) box are sorted into b x bins and then are averaged in each (x, y, b x ) box. The x component of the momentum equation is used to convert from b x to z. Consider one (x, y, b x ) box for a simplified description of the method used. Plasma pressure and magnetic field pressure generally are larger on the earthward end than on the tailward end of each box, producing a net tailward force on the box being considered. This x-force is proportional to the unknown area (Dy Dz) of the earthward and tailward box ends. Magnetic field line tension produces the dominant net earthward force on each box. However, since the x and y dimensions are known and much larger than the z dimension, the tension force acts primarily on the known large areas (Dx Dy) at the top and bottom of each box. The unknown z thickness of the box is determined by selecting Dz so that the total earthward and tailward forces are equal in the long-term averaged models. All plasma parameters are then determined at a fixed set of z locations by linear interpolation. Details of the calculations and sorting techniques were presented by Kaufmann et al. [2005] .
[13] Large amplitude fluctuations complicate the measurement of fluid parameters such as V and q i in the plasma sheet. Although the long-term averaged pressure tensor is remarkably isotropic at the neutral sheet , many 5-s to 1-min averages of highly anisotropic distribution functions have been reported. These anisotropies are particularly common during bursty bulk flow (BBF) events. Nakamura et al. [1991] showed a series of anisotropic ion distribution functions that were observed in 5-s averaged data, while Hoshino et al. [2000] and Nagai et al. [2001] provided examples near reconnection sites in 12-s averaged data.
[14] Standard deviations of the Cartesian components of both the 1-min averaged V i and q i were evaluated and found to be much larger than the long-term averages of these variables in each spatial box. However, with ten years of measurements there were enough data points available so that the largest Cartesian components of the long-term averaged V i and q i were typically 5 to 10 times their standard errors. For example, the thermal speed of an average plasma sheet ion is $1500 km/s and typical 1-min bulk flow speeds are $100 km/s. The long-term averaged ion flow velocity V i at radial distances of 20 R E in the magnetotail is only $20 km/s because earthward and tailward flows almost cancel except during BBF events. With 10 years of data the standard error of V i is typically $3 km/s when averaged over 6 Â 6 R E x-y boxes. Statistical errors therefore are small enough to permit reliable measurements of the long-term averaged ion convection pattern by a single satellite. Comparisons of the CPI Geotail results with the long-term averaged ion convection velocity measured by other satellites and with different detectors [Angelopoulos, 1996; Nagata et al., 2007; Wang et al., 2007] show similar patterns.
[15] One other technique was routinely used to estimate errors of all measured parameters. The ten years of data were divided into two subsets consisting of data from the odd and the even numbered years. Full 3-D models were created using each of these 5-year data sets. The differences between the two five-year and the ten-year models, the boxto-box variations, and the standard error estimates all suggested that the box-to-box fluctuations seen in the plots presented in this paper provide reasonable estimates of statistical uncertainties of the measurements.
Observed Distribution Functions
[16] Figure 2 shows the two-dimensional integrated ion distribution function
for part of the Nov. 1, 1995 fast flow event studied by Ball et al. [2005] . Figures 2a and 2b show the 3-min averaged f i (v x , v y ) observed during periods when the three constituent 1-min averages exhibited consistent structures. The structure of f i (v) is clear because the bulk flow was unusually large for these extended time periods. Fluctuations typically are so large that features such as those shown in Figure 2 rarely persist for even a few minutes.
[17] For the interval starting at 02:10 UT, the x, y, and z components of the bulk velocity averaged for the three 1-min periods were 440, 170, and À8 km/s, respectively. The x-y projection of V i was directed near the x-y projection of B = (10, 3, 6) nT during these three minutes. It is the clear stretching of contours relative to V i in the positive (v x , v y ) quadrant that produces the unusually large heat flux q i = (52, 27, 7) mW/m 2 obtained by averaging the three constituent 1-min periods. Figure 2a shows that the anisotropy is particularly large for the higher energy or suprathermal ions, which dominate in calculations of q i . For example, the average jV i j of just those ions with speeds of 2000 km/s (21 keV) is nearly 1000 km/s, while the average jV i j of just those ions with speeds of 1000 km/s is well below the overall plasma jV i j of 470 km/s. It also is noted that q i is roughly in the same direction as V i . This tendency for q i to be either approximately parallel or antiparallel to V i is a characteristic of many of the published anisotropic distribution functions, as well as of the example shown in Figure 1 .
[18] The magnitude of the average flow velocity at 02:13 UT (Figure 2b ), V i = (380, À180, 40) km/s, was comparable to the magnitude of the average flow velocity at 02:10 UT. However, the 02:13 UT distribution function in Figure 2b shows a much smaller anisotropy of the highest energy ions about a point centered at this V i than was present at 02:10 UT. For example, the integrated distribution function in Figure 2b drops to 10 6 s 2 /km 5 at a velocity near 2000 km/s relative to V i in all directions. As a result, the 3-min averaged q i = (À8, 4, 10) mW/m 2 was comparable to the fluctuations in the constituent 1-min averages, so does not represent a consistent directed heat flux. The average magnetic field during the 02:13 UT period was B = (À1, 2, 7) nT, but B fluctuated so much that this 3-min average also was not representative of the three constituent 1-min averages.
Long-Term Averaged Observations

Heat Flux and Bulk Flow Vectors
[19] Figure 3 shows the (x, y) components of V i and q i at the neutral sheet, averaged within the 6 Â 6 R E (x, y)-boxes closest to the neutral sheet. Each data point used in the long term averages involved the integration over a 1-min distribution function. Since each f i (v) contained a different structure, it was not possible to identify a single feature that produced the patterns seen in Figure 3 and succeeding plots. Attempts will be made to describe what appear to be likely causes of the patterns seen in the ten-year averages. However, all such possible explanations should be considered speculative.
[20] Some details of the CPI ion detectors are important to consider because q i is so strongly dependent on the highest energy ions. The highest energy channel of the ion detector is centered at 48.2 keV and the detectors have a nominal energy resolution of DE/E = 0.1 [Frank et al., 1994] . All plasma variables including V i , q i , n i , and P i are evaluated by summing contributions to the appropriate plasma variable from each of the detector energy-angle bins. As a result, ions with energies above $50 keV as seen on the satellite will not contribute to the observed values of the variables. Failure to detect these highest energy ions can create artificial asymmetries in f i (v) and therefore produce inaccurate estimates of q i . For example, the velocity of a proton whose energy is measured to be 50 keV is 3100 km/s as seen in the satellite frame. If the 1-min averaged V i = 400 km/s, a detector with a 50 keV cutoff would measure an ion moving at a speed of up to 3500 km/s or an energy of 64 keV in the plasma frame if the ion was traveling opposite to V i . However, an ion with a speed up to only 2700 km/s or an energy of 38 keV as seen in a frame moving with the plasma would be within the detector energy range if the ion was traveling parallel to V i . The failure to detect ions moving in certain directions with energies between 38 and 64 keV as seen in the plasma frame would yield inaccurate measurements if such ions made substantial contributions to q i .
[21] The distribution function data therefore were divided into contributions from a set of twelve energy ranges. The twelfth or highest range in this set contained measurements from detector energy bands centered between 34 and 48 keV. The eleventh energy range used energy bands centered between 17 and 25 keV. Plots similar to Figure 3b were prepared using only data points for which the twelfth range contributed less to q i than the eleventh range. The maximum contribution to q i therefore was made by ions with energies well within the detector's range. The directions of q i were very similar in two plots. With regard to magnitudes, in only three boxes did jq i j differ between the two plots by more than 1 mW/m 2 with the largest difference occurring in the x = À10 R E , y = 0 box. This is the box that is closest to the Earth, where the highest energy ions are to be expected. Even in this box, exclusion of the questionable data points reduced jq i j by only 35% from the values shown in Figure 3b .
[22] Previous papers using data from other satellites or other detectors [Angelopoulos, 1996; Nagata et al., 2007; Wang et al., 2007] included plots of V i that contain patterns similar to those shown here, though the dawnward drift near the dawn flank is more pronounced in Figure 3a than in previous publications. Figure 3 shows that V i and q i both pointed duskward on the dusk side (y > 0) of the neutral sheet. This relationship would be expected if the bulk velocity and asymmetry were produced by high energy ions drifting duskward faster than the dominant low energy ions. Since gradient and curvature ion drifts are duskward and the drift speeds are characterized by just this energy dependence, it is likely that the duskward orientation of vectors at y > 0 in Figure 3 was produced by gradient and, near the neutral sheet, primarily by curvature drifts. Near the dawn (y < 0) flank the average V i was earthward and dawnward while q i was tailward. This suggests that, on average, the suprathermal ion component tended to be stretched out in the tailward direction relative to V i . This feature will be examined in section 3 when sorted data sets are analyzed.
Other Energy Transport Terms
[23] Figure 4a shows the enthalpy flux per unit volume or the thermal energy transport parameter
where P is the isotropic part of the pressure tensor. The Q T parameter includes both (3/2)PV, the rate at which ion and electron thermal energy is being convected into a unit volume, and PV, the rate at which work is being done by pressure forces as plasma is convected into the volume [Rossi and Olbert, 1970] . Angelopoulos et al. [1994] previously found that Q T was the dominant long-term averaged energy transport term.
[24] Figure 4b shows the rate at which the kinetic energy of plasma bulk motion flows through a unit surface
and Figure 4c is the long-term averaged Poynting flux
where it was assumed that E = ÀV Â B. Note that different scales were used for the vectors in Figures 3b, 4a , 4b, and 4c and that on average Q T was the dominant energy transport term. In fact, the long-term averaged Q B and Q EM were so small that not even the directions of these vectors were determined reliably in much of the neutral sheet. As a result, the remainder of this paper will use only Q T to represent the energy transport associated with plasma bulk motion and q i to represent the remaining energy transport after effects of bulk motion have been removed. Equation (6) shows that at any instant Q T is parallel to V. As a result, the long-term averages of Q T and V were in the same general direction (Figures 3a and 4a) .
[25] A comparison of Figures 3b and 4a shows that the heat flux represents a significant, though not the dominant long-term averaged energy transport term in the neutral sheet. These figures also show that both Q T and q i transport energy duskward on the dusk side of the neutral sheet, but that these long-term averaged vectors point in substantially different directions near the dawn flank. This feature is examined in the following section.
Observations Based on Sorted Data Sets
Heat Flux Sorted by f c
[26] Sets of twelve models were used in our earlier studies to show how several measured variables depend upon the ion bulk velocity and upon a magnetic flux transport parameter f c [Kaufmann and Paterson, 2006] . Here we use the same method to gain insight into properties of the ion heat flux q i and of the dominant energy transport rate term Q T . The f c parameter is the potential drop across a flux tube with a circular cross section and containing 1 Wb of magnetic flux. The electric field used to calculate this potential drop is which is a measure of the magnetic flux transport rate [Schödel et al., 2001] . Both E c and f c are dependent upon the total plasma bulk speed in the x-y plane, so that f c is small only when both V ix and V iy are small. The sign of f c is the sign of V ix so that f c is positive whenever V ix is earthward. Each of the twelve models was generated using only data when f c was within a specified range. For example, the first model used only data from periods when f c > 16 V, the second model used only data when 10 V < f c < 16 V, and the sixth model used only data when 0 < f c < 2 V. The other f c ranges are shown in the labels of Figure 5 . Since Geotail has an equatorial orbit it is within the plasma sheet approximately 1/4 of the time, or about 10 5 minutes per year. With 10 years of data, each of the 12 models therefore was based on nearly 10 5 1-min averaged data points. Figure 1 of Kaufmann and Paterson [2006] shows that there typically were $100 data points within each (x, y) box when the satellite was closest to the neutral sheet (z < 0.3 R E ). We sorted using f c instead of the flow speed itself because this technique produced a more uniform distribution of fast flow data points among the spatial boxes. Figure 1 of Kaufmann et al. [2005] shows the relationship between f c and the average flow velocity.
[27] Figure 5 shows how the long-term averaged x component of q i (Figure 3b ) arose near the neutral sheet. Two y locations are illustrated in this section. The y = 6 R E box was picked because this is the region with the largest duskward bulk flow speed and heat flux. The y = À12 R E box represents the region in which V i and q i point in directions that differ most strongly from those seen at y = 6 R E . The V i and q i variables changed smoothly in the intermediate y boxes. The top edge of each f c -sorted plot is based on the model generated using only those time periods when transport was fastest and in the earthward direction. The center rows in each panel of Figure 5 show q ix when the flux transport rate was unusually small, and the bottom of each panel shows q ix when the flow was fast and tailward.
[28] At y = 6 R E and near x = À30 R E the ion heat flux was earthward (red contours in Figure 5a ) when the bulk flow was earthward and tailward (green contours) when the bulk flow was tailward. This pattern was seen at midnight and throughout the dusk side of the neutral sheet. Figure 2a shows an example of a distribution function with q i pointing in the same general direction as V i . Figure 5a and similar plots from other boxes show that the weak tailward longterm averaged heat flux seen near x = À30 R E at midnight and throughout the dusk side of the neutral sheet (Figure 3b ) is produced by a weak dominance of q ix during periods of tailward bulk flow. The situation is not clear at x = À10 R E . Although Figure 5a shows earthward q ix regardless of the magnitude and direction of V i , this pattern was not seen consistently in other y boxes containing dusk side data. It should be noted that statistical errors tend to be larger at x = À10 R E than at x = À30 R E because there are fewer data (Figure 5a ), but to be uniformly tailward on the dawn side (Figure 5b ). Labels such as 10, 16 on the f c axis indicate that only data for which 10 < f c < 16 V were used to create that particular one of the twelve models.
points in the near-Earth region (Figure 1b of Kaufmann and Paterson [2006] ).
[29] Reconnection is a possible cause of the observed properties of q ix beyond $15 R E near midnight and on the dusk side. The remnants of energetic particle beams flowing away from a plasma sheet reconnection region would result in an earthward q ix when the flow is earthward and a tailward q ix when the flow is tailward. Since evidence of reconnection regions becomes increasingly rare below $20 R E , any effects of reconnection beam remnants would be earthward at low altitudes regardless of the instantaneous bulk flow direction.
[30] In contrast to the situation at dusk, Figure 5b shows that the strongly tailward directed heat flux seen at y = À12 R E in the mid to distant regions depends only weakly upon either the magnitude or the direction of magnetic flux transport, except perhaps in the largest f c box at x = À10 R E . The similar y = À6 R E plot also showed that the heat flux was directed tailward during both earthward and tailward flows. These observations suggest that at dawn the suprathermal part of the ion distribution function tends to be stretched out in the tailward direction relative to V by a process that is nearly independent of convective flows.
[31] Remnants of beams from dayside magnetopause reconnection could explain some of the observed heat fluxes near the flanks, particularly those on the dawn side. The resulting tailward moving suprathermal ions may enter the low latitude boundary layer (LLBL) on both the dawn and dusk sides. Since energetic ions that become trapped drift duskward in the plasma sheet, such ions would remain in and spread out more widely on the dawn than on the dusk side. A contributing factor on the dawn side is that V ix tends to be earthward, while the sign of V ix is less clear on the dusk side (Figure 3a) . A tailward heat flux therefore requires only that the suprathermal ions are stretched out in the tailward direction relative to the earthward bulk flow on the dawn side.
[32] One final feature of q ix that is seen in the region closest to the Earth in Figures 5a and 5b , and the other y boxes, is that there is a weak tendency for q ix to be more strongly earthward when V i is tailward (Figure 5a ) or more strongly tailward when V i is earthward (Figure 5b ). This feature suggests that near the Earth the distribution of suprathermal ions tends to remain fixed as the bulk flow velocity, which is dominated by lower energy ions, changes sign.
[33] Figure 6a shows that the cross tail heat flux q iy depends on neither the magnitude nor the sign of f c . Although only the y = 6 R E box is shown here, no significant correlations between q iy and f c were found in any y box. This type of cross tail heat flux can be understood as a result of gradient and curvature drifts. Regardless of the E Â B convective flow, the suprathermal ions that contribute most to the cross tail heat flux drift duskward relative to the lower energy ions that contribute most to the bulk velocity.
Energy Transport Sorted by f c
[34] Figure 6b shows how the x component of the dominant energy transport term Q Tx depends on the mag- Figure 6 . (a) The y component of the ion heat flux at y = 6 R E and (b) the x component of the thermal energy transport parameter, sorted by f c . The cross tail heat flux appears to be dominated by effects of gradient and curvature drifts. Since Q T and f c both depend explicitly upon V i , the signs of these two averaged quantities are nearly always the same. netic flux transport rate f c . The strong correlation between Q Tx and f c was expected because both depend on the ion bulk velocity. It was seen in our previous study of the ion and of magnetic flux transport rates [Kaufmann and Paterson, 2006] that the earthward transport during periods of earthward flow and the tailward transport during periods of tailward flow nearly canceled when flows were slow or moderate (jf c j < 16 V). It was only during the fastest flows that earthward transport was substantially larger than tailward transport. Figure 6b confirms the previous finding [Angelopoulos et al., 1994] that this feature of ion and magnetic flux transport rates also holds for energy transport. The contour lines in all other y boxes showed structures similar to those in Figure 6b .
[35] Figure 7 extends the earlier studies by showing how cross tail energy transport depends on f c . Both panels in this figure and all other y boxes show that the magnitude of the cross tail energy transport tends to increase as jf c j increases, but that the sign of Q Ty tends to be the same for both earthward and tailward bulk flow. Our previous study (Figures 4b and 1c of Kaufmann et al. [2005] ) showed that the ion temperature and the magnitude but not the sign of V iy depends strongly upon f c . This dependence of V iy and Q Ty on the magnitude of f c would be expected from equations (6) and (9) and the definition of the f c sorting parameter.
[36] The tendency for the cross-tail flux Q Ty to be more positive (Figure 7a ) or less negative (Figure 7b ) during the fastest earthward flow periods than during the fastest tailward flow periods was seen in all y boxes. Since Q Ty is dependent on both P and V iy , these variables were examined to try to understand this new feature of fast flows. It was found that the average pressure was almost independent of f c except during the fastest flow events. When flows were fastest in either the earthward or the tailward direction (jf c j > 16 V), P decreased by $10% for all y boxes near x = À20 R E . This provides evidence for relatively weak depletions or plasma bubbles associated with both earthward and tailward moving fast flows, but did not contribute significantly to explaining the difference between Q Ty during earthward and tailward flows. This characteristic of Q Ty was almost all produced by the similar dependence of V iy on the direction of the fastest flows.
[37] At y = 6 R E , x = À20 R E , for example, V iy during the fastest flows could be separated into a common duskward cross-tail drift of 100 km/s during both earthward and tailward flows and a differential 40 km/s cross-tail drift that was duskward during earthward flows and dawnward during tailward flows. It was this ±40 km/s flow that produced the differences between the magnitudes of Q Ty during the fastest earthward and the fastest tailward flows (Figure 7a ). The corresponding figures at y = À12 R E , x = À20 R E (Figure 7b ) were a common dawnward flow of 70 km/s plus a superimposed differential 30 km/s cross-tail drift that again was duskward during earthward flows and dawnward during tailward flows. The other y boxes exhibited similar Figure 7 . (a) The y component of the thermal energy parameter at y = 6 R E and (b) at y = À12 R E , sorted by f c . Red and green contours indicate duskward and dawnward transport, respectively. Transport during the fastest flows was attributed to a combination of a common drift away from midnight during both earthward and tailward flows plus a differential drift that was duskward during fast earthward flows and dawnward during fast tailward flows.
patterns of a common cross-tail drift away from midnight for both the fastest earthward and tailward flows plus a differential drift of $30 km/s near x = À20 R E that was duskward during earthward flows and dawnward during tailward flows. The tendency for a component of the bulk flow to point away from midnight has been noted previously [Kaufmann et al., 2001; Wang et al., 2006] . This behavior suggests a source of plasma near midnight associated with flow toward the neutral sheet from the outer plasma sheet and the subsequent flow away from midnight in the neutral sheet. If the differential cross tail flows during periods with the largest jf c j are associated with E Â B drift, the additional incremental E is tailward during the fastest earthward flows and earthward during the fastest tailward flows. A weak effect on V iy of the difference between earthward and tailward flows, and therefore of an electric field in the same sense as during the fastest flows, persisted during moderate flow periods.
[38] The magnitudes of both Q Tx and Q Ty were consistently small when the flux transport rate was smallest (jf c j < 2 V), as would be expected since these variables are dependent on V. During such times q iy remained relatively large (Figure 6a ) so that during periods of slow flow the heat flux equaled and sometimes exceeded Q Ty to become the dominant energy transport term.
Sorting by IMF Direction
[39] Several plasma sheet parameters are known to be correlated with the direction of the Interplanetary Magnetic Field (IMF). Data from the ACE and WIND satellites, as propagated to the Earth, therefore were added to the Geotail database. Our study of Birkeland currents showed that the long-term averaged 3-D models were well suited to studies of correlations with the IMF [Kaufmann et al., 2003] . Four models therefore were generated by separating the 10-year data set into four subsets sorted according to the IMF clock angle, q IMF = tan À1 (B y /B z ).
[40] The average ion density n i and temperature T i showed the well-known tendency for the plasma sheet to be cold and dense when the IMF was northward [Terasawa et al., 1997; Fujimoto et al., 1998; Garner et al., 2003; Wang et al., 2006] . Figure 8 shows n i for the four models. The enhanced density for northward IMF (À45°< q IMF < 45°, Figure 8a ) was most pronounced near the dawn flank (y = À12 R E ). A significant though weaker density enhancement was seen near the dusk flank. Average densities were similar to each other when the IMF pointed in the other three quadrants (Figures 8b-8d) .
[41] Figures 9a and 9b show the ion temperature when the IMF pointed northward and southward, respectively. As for the n i plots, T i was similar in the southward, dawnward, and duskward IMF models. The reduced temperatures therefore tended to be confined to periods when the IMF was northward. Plots of the pressure near the neutral sheet showed relatively little dependence on either y or q IMF .
[42] The only clear q IMF dependence seen in the plots of V i , q i or Q T were that V i and Q T were smaller near the dawn flank when q IMF was northward than when q IMF pointed dawnward, southward, or duskward. Figures 9c and 9d show the northward and southward IMF bulk velocity plots, respectively. The increased statistical uncertainty produced by separating data into four subsets is evident when Figures 9c and 9d are compared to Figure 3a , which was based on averages of all available data points. Both the cross tail and the average earthward or tailward drifts were smaller when the IMF pointed northward than when the IMF pointed in other directions. This trend was particularly clear on the dawn side of the neutral sheet. The cross-tail component suggests a reduction of plasma flow from the outer plasma sheet toward the neutral sheet near midnight and an associated reduction of drift away from midnight within the neutral sheet. However, no clear dependence of q i on q IMF could be seen. This observation suggests that the presence of cold dense plasma was not associated with a significant change in the anisotropy of f i (v) for the suprathermal ions that contribute most strongly to q i .
Summary
[43] The purpose of this project was to determine the significance of the average ion heat flux q i near the neutral sheet, to suggest possible causes of q i , and to compare properties of q i to properties of other energy transport terms. The largest long-term averaged energy transport term was Q T , the enthalpy flux density or thermal energy transport parameter. Long-term averages of other energy transport terms: the Poynting flux and the convection of bulk flow energy, were found to be small compared to the averages of q i and Q T .
[44] The heat flux differs from the other energy transport terms because it represents the transport of energy as seen in a frame moving with the bulk plasma flow velocity V. The heat flux therefore can exist when there is no bulk flow while the other transport terms vanish when V = 0.
[45] Since q i has not previously been studied in the plasma sheet, physical processes that can generate heat fluxes in this region were examined. The basic requirement is that the velocity distribution function f i (v) must contain an anisotropy directed along a specific direction when viewed in a coordinate system moving at V. Anisotropies of suprathermal ions are most important to the generation of q i , which is a third velocity moment (equation (1)). The anisotropy can be produced by temperature gradients, density gradients, energy dependent cross-tail gradient and curvature drifts, beams or the plateaus that form when beams stabilize, reconnection and substorms that can generate such beams, and the effects of chaotic ion motion. The stretching of f i (v) in both directions along a specific axis, such as an enhancement of T || relative to T ? , does not generally create a heat flux.
[46] The large minute-to-minute fluctuations that are common in the plasma sheet make it difficult to measure average values of any plasma sheet parameter, and of q i in particular. However, with ten years of data it was found that long-term averages of q i , Q T and the ion velocity V i could be determined reliably. The average values of these parameters were several times larger than their standard errors and several times larger than the variations of their average values between adjacent spatial boxes.
[47] Averages over the full 10-year data set showed that q i and V i were directed primarily toward the dusk flank on the dusk side of the neutral sheet. The energy dependence of gradient and, more importantly in the neutral sheet, of curvature drifts were the most likely causes of this relation- ship between q i and V i . On the dawn side, q i and V i usually pointed in different directions. Such a relationship can arise when V i is attributed primarily to E Â B drift and q i is attributed primarily to the remnants of beams, to guiding center drifts in a direction not along E Â B, or to any other process that distorts the constant f i (v) contours of suprathermal ions.
[48] The full data set then was sorted into subsets in order to gain more detailed information about the causes of q i . One technique used a parameter f c , which is a measure of the magnetic flux transport rate, to divide the full data set into twelve subsets. On the dusk side it was found that beyond x = À20 R E the sign of the x component of the heat flux, q ix , was the same as the sign of V ix . The magnitude of q ix during tailward flows was a little larger than its magnitude during earthward flows, resulting in a net tailward average heat flux. This behavior could be produced by beams or remnants of beams that were created during substorms or reconnection events. On the dawn side q ix was tailward for both earthward and tailward V ix . This feature suggests the entry of energetic ions through the magnetopause. Such directed ion flows can be produced during magnetopause reconnection or by processes that permit energetic ion entry in the LLBL. As on the dusk side, much of the cross-tail heat flux on the dawn side appears to be produced by the energy dependence of gradient and curvature drifts.
[49] Sorting by f c showed that the average x component of Q T near the neutral sheet was produced primarily during the periods of fastest flow. This was to be expected because Q T is proportional to V i , and pervious studies [Angelopoulos et al., 1994] showed that the net earthward particle transport was dominated by the brief BBF intervals or the fastest flows.
[50] Cross tail thermal energy transport was more complicated. For the largest jf c j it was found that Q Ty in the neutral sheet could be separated into a common drift away from midnight during both earthward and tailward fast flows plus a differential cross-tail drift that was duskward during fast earthward flows and dawnward during fast tailward flows. A common plasma drift away from midnight had been studied previously, and suggests the existence of a plasma source for the neutral sheet near midnight. This source is likely to involve drift from the outer central plasma sheet toward the neutral sheet near midnight and then toward the flanks within the neutral sheet. The differential cross-tail flow suggests an enhanced tailward electric field during the fastest earthward flows and an earthward E during the fastest tailward flows.
[51] Finally, sorting by f c showed that even though Q T dominates over q i in the long-term averages based on the full data set, q i could become the dominant energy transport term under very slow flow conditions. This took place because Q T depends strongly on V i while q i remained large even when V i became very small.
[52] The full data set then was divided into four subsets according to the direction of the IMF because a number of plasma sheet parameters were known to depend on the IMF clock angle. The well-known association of cold dense plasma with northward IMF was evident in the long term averaged data. There was little correlation between the IMF direction and either the plasma temperature or density as long as the IMF pointed generally dawnward, southward, or duskward. Both V i and Q T were reduced when the IMF was northward but no significant change in q i was associated with a northward IMF. These observations showed that q i was particularly important when the plasma sheet was cold and dense. The observations also suggest that although the bulk plasma velocity was reduced when the plasma sheet became cold and dense, the average anisotropy of the suprathermal ions that are most responsible for q i did not change significantly.
